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SUEMARY 
Performance and o p e r a t i n g  c o s t  estimates were made f o r  an i n t e g r a t e d -  
g a s i f i e r ,  canbined-cycle  (IGCC) eyetern assumed t o  be a p p l i e d  a t  t h e  NASA Lewis 
Research Center  t o  meet t h e  steam and baseload e lectr ical  requirements.  
Because of t h e  type of advanced-technology work being done a t  Lewis, such a n  
IGCC cogenerat ion e y s t e a  could s e r v e  as a test bed f o r  advanced-technology 
coaponeats in a d d i t i o n  t o  meeting a large p a r t  of t h e  L e w i s  energy r equ i r e -  
e n t s .  Lewis e l e c t r i c a l  l oads  vary s i g n i f i c a n t l y  du r ing  a t y p i c a l  week. 
The loads range from a minimm of  approximately 5 MW dur ing  weekends or non- 
workdays t o  a maximum of  over  200 lilJ dur ing  t h e  week when major f a c i l i t i e s  are 
i n  operat ion.  
2.27 kg/eec (18 000 l b / h r )  t o  over 12.6 kg/sec (100 000 l b / h r )  du r ing  t h e  
winter .  IGCC systems wi th  maximum e l e c t r i c  power o u t p u t s  of  20, 25,  and 30 MU 
were anaiyted.  Thcee sys t ems  could supply t h e  baeeload e l e c t r i c a l  requirement 
of about 10 MU and, by e x t r a c t i o n  0.  steam from t h e  bottoming steam t u r b i n e ,  
could supply a l l  or most of  t h e  steam requirements  throughout t h e  year.  The 
amounts and t iming of a d d i t i o n a l  e l e c t r i c i t y  purchases from the  u t i l i t y  and 
s a l e s  of excess  e l e c t r i c i t y  t o  t h e  u t i l i t y  were determined. The r e su l t i ng  
expenses f o r  e l e c t r i c i t y  purchases and revenue from e l e c t r i c i t y  sales were 
then  e s t ima ted  by using a n  assumed e l e c t r i c  u t i l i t y  rate s t r u c t u r e  model based 
on e l e c t r i c i t y  rates approved by t h e  Pub l i c  Utilities Camniesion o f  Ohio 
(PUCO). 
f o r  t hese  IGCC sys tems were compared with t h e  f u e l  consumption and annual c o s t s  
of purchased e l e c t r i c i t y  and nat$:rdl ga r  a t  L e w i s  without  cogenerat ion.  The 
s e n s i t i v i t y  of t h e  r e s u l t s  t o  cogene ra t ion  s y s t e m  a v a i l a b i l i t y  was examined. 
Also t h e  assumed p r i c e s  f o r  f u e l  and e l e c t r i c i t y  were p a r a m e t r i c a l l y  v a r i e d  t o  
determine t h e  s e n s i t i v i t y  of ti,* r e s u l t s  t o  t h e s e  v a r i a b l e s .  
The steam h e a t i n g  requirements vary from a sumaer base of  
The cogenerat ion s y s t e m  performance and o p e r a t i o n a l  economic r e s u l t s  
Results i n d i c a t e  t h a t ,  for L e w i s '  e lec t r ic  load p r o f i l e s  du r ing  a t y p i c a l  
y e a r ,  t he  IGCC sys tems s t u d i e d  wouid have excess  e l e c t r i c  g e n e r a t i n g  c a p a c i t y  
more than 7 5  percent  of t h e  year. T h i r t y  t o  f o r t y  percent  of t h i s  excess  
gene ra t ion  would occur du r i -  t h e  u t ' l i t y ' s  peak load p e r i o d s ,  thereby i n d i -  
c a t i n g  the  p o t e n t i a l  t o  gene ra t e  exces r  cogencrated power economically du r ing  
these  pe r iods  for sale t o  the  u t i l i t y .  An ICCC system i n  t h e  20- t 30-W 
( 0 . 2 ~ 1 0 ~  MIEtu/;.r) of f u e l  energy,  which is about 10 percent  of t h e  t o t a l  
f u e l  energy rctquitcd t o  meet Levis' etcam and e l e c t r i c a l  requiremsnts  without  
sire range ope ra t ing  80 percent  o f  t h e  year could save about 2 .1~10 8 W / y r  
cogenerat ion.  
c e n t  with a n  o v e r a l l  IGCC energy u t i l i x a t i o n  of  62 percent .  
I(.ximm f u e l  s av ings  a t  peak steam demands could reach 17 p e r  
The u s e  o f  a n  on - s i t e  ICCC cogene ra t ion  e y e t a r  w u l d  s i g n i f i c a n t l y  reduce 
t h e  annual  expend i tu re  for purchased e l e c t r i c i t y  and n a t u r a l  gas. 
o p e r a t i o n  o f  an ICCC s y s t e a  would i n c r e a s e  t h e  site o p e r a t i o n  and m a i n t e ~ n c e  
(OW) costs and in t roduce  on-site expend i tu rns  for coal, a n  o v e r a l l  annual  
operating cost sav ings  o f  $1.9 m i l l i o n  t o  $2.4 m i l l i o n  (1985 costs expressed 
i n  1980 d o l l a r s )  was es t ima ted  f o r  such a s y s t e r  o p e r a t i a g  80 percen t  o f  t h e  
year.  Th i s  is 21 to 26 percen t  of t h e  e s t ima ted  1985 costs t o  purchase t h e  
t o t a l  electrical  requirement and t o  purchase n a t u r a l  gas t o  g e n e r a t e  t h e  
r equ i r ed  steam without  cogenerat ion.  Ihe a l u l y s i s  i n d i c a t e s  t h a t  a n  operating 
c o s t  s av ings  could be ob ta ined  even a t  r e l a t i v e l y  low ICCC system assumed 
a v a i l a b i l i t  ies. "he p o t e n t i a l  c o s t  s av ings  also remained s i g n i f i c a n t  a t  l o w  
a e s m e d  va lues  o f  t h e  selling p r i c e  f o r  excess e l e c t r i c i t y  gene ra t ed  by t h e  
IGCC. 
f o r  resting advanced-technology components, t h i s  a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  
is a good p o t e n t i a l  t h a t  it could y i e l d  an o p e r a t i n g  c o s t  savings.  
Although t h e  
I f  such a n  IGCC cogene ra t ion  system Yere cons t ruc t ed  a t  L e w i s  and used 
INTRODUCTION 
A conceptual  d e s i g ~  of an i n t e g r a t e d  coal g a s i f i c a t i o n  combined-cycle 
( IGCC) powerplant t o  supply t h e  steam and baseload e l e c t r i c a l  requirements  o f  
t h e  NASA Lewis Research Center  was presented i n  r e f e r e n c e  1. In  t h a t  s tudy  a 
r e f e r e n c e  s y s t e m  was e s t a b l i s h e d  t o  assess t h e  t e c h n i c a l  f e a s i b i l i t y ,  t h e  
environmental  c h a r 8 c t e r i e t i c 8 ,  and t h e  c a p i t a l  c o s t  of such a powerplant 
located a t  L e w i s .  P r e s e n t l y  na tu ra l -gas - f i r ed  b o i l e r s  provide t h e  steam used 
a t  L e w i s  and e l e c t r i c i t y  is purchased from a u t i l i t y  company. An o n - s i t e  ICCC 
powerplant w i th  t h e  a b i l i t y  t o  meet L e w i s '  steam requirements by e x t r a c t i n g  
l o r p r e s s u r e  steam from t h e  steam t u r b i n e  would a l low a s i g n i f i c a n t  r educ t ion  
i n  n a t u r a l  g a s  u s e ,  s u b s t i t u t i n g  t h e  u s e  o f  Ohio high-sulfur  c o a l  i n  a n  envi-  
ronmentally a t t r a c t i v e  manner. Operation o f  t h e  IGCC as a cogene ra t ioc  s y e t e a  
(i.e.,  t h e  e x t r a c t e d  steam r e p r e s e n t s  r e l a t i v e l y  l o r t e m p e r a t u r e  h e a t  r e j e c t e d  
from t h e  power oystem) would s i g n i f i c a n t l y  improve the o v e r a l l  energy e f f i -  
c iency associated with supplying L e w i s '  steam and e l e c t r i c a l  requirements.  
In a d d i t i o n  t o  meeting a large p a r t  o f  L e w i s '  energy requirements ,  t h e  
powerplant could be of s i g n i f i c a n t  b e n e f i t  (1) by providing a Lewis  on - s i t e  
test bed for advanced-technology components, ( 2 )  by providing a major s t e p  
toward acceptance of IGCC powerplante i n  u t i l i t y  s e r v i c e ,  and ( 3 )  by providing 
ano the r  o p t i o n  for  i n d u s t r i a l  cogene ra t ion  using coa l .  
This r epor t  e u m a r i g e e  t h e  results of  an a n a l y s i s  t h a t  was done a t  L e w i s  
i n  p a r a l l e l  with t h e  contrmcted s tudy  of r e f e r e n c e  1. 
t he  performance 8nd o p e r a t i o n a l  economics of such a n  on - s i t e  IGCC powerplant 
and compared t h e s e  results with t h e  f u e l  consumption and annual purchased 
e l e c t r i c i t y  and n a t u r a l  gas  c o s t s  a t  L e w i s  without cogenerat ion.  
This a n a l y s i s  eva lua ted  
Because of t h e  r e sea rch  a c t i v i t i e s  a t  L e w i s  t h e  e l e c t r i c  load require- 
ments vary cons ide rab iy  with time. 
a r e  reached du r ing  i n t e r v a l s  of s e v e r a l  houre when major r e sea rch  f a c i l i t i e s  
Perk power demand levelm exceeding 200 Hw 
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are i n  ope ra t ion .  
workdays. 
d i r e c t l y  wi th  t h e  ambient temperature.  An ICCC power system s i a e d  t o  meet t h e  
range of  steam loads would no t  b e  a b l e  to  meet t h e  high peak e lectr ical  demands 
t h a t  f r e q u e n t l y  occur  f o r  s e v e r a l  hours  d u r i n g  a workday and would have elec- 
t r i c  g e n e r a t i n g  c a p a c i t y  i n  excess of  demand dur ing  o t h e r  hours of  a t y p i c a l  
day. 
econcmical t o  s i a e  a n  o n - s i t e  powerplant t o  meet t h e s e  peak demands. 
Therefore  t h e  powerplants considered i n  t h i s  a n a l y s i s ,  which were s i z e d  more 
to  meet t h e  r equ i r ed  range o f  steam loads ,  r e q u i r e  t h e  purchase o f  a d d i t i o n a l  
e l e c t r i c i t y  frcm a u t i l i t y  d u r i n g  p e r i o d s  of  peak demnd  and r e s u l t  i n  excess 
on- s i t e  e lectr ic  g e n e r a t i n g  c a p a c i t y  du r ing  o t h e r  periods.  An a n a l y s i s  o f  t h e  
o p e r a t i o n a l  econoeics  for t h e s e  powerplants must t h e r e f o r e  inc lude  t h e  e f f e c t s  
of  purchasing a d d i t i o n a l  e l e c t r i c i t y  du r ing  some t h e  i n t e r v a l s  and e i t h e r  
o p e r a t i n g  a t  part power or selling excess e l e c t r i c i t y  d u r i n g  o t h e r  t i m e  i n t e r -  
\..nls. This  was not  included i n  t h e  s tudy  o f  r e f e r e n c e  1. 
The load i s  g e n e r a l l y  reduced t o  4 t o  5 Hw d u r i n g  non- 
The stem requirement is mainly f o r  space h e a t i n g  and v a r i e s  
' 
Because t h e  peak power demands are o f  s h o r t  d u r a t i o a ,  i t  would not  be  
I n  t h i s  a n a l y s i s ,  o p e r a t i o n  o f  t h e  IGCC powerplant is  cons ide red  on a n  
hour-by-hour b a c i s  f o r  a t y p i c a l  year.  It is assumed t h a t  t h e  powerplant is 
operated with c o n s t a n t  c o a l  i npu t  and t h a t  t h e  steam t u r b i n e  e x t r a c t i o n  ra te  
is va r i ed  to  meet the  L e w i s  steam requirements.  
power output  of  t h e  IGCC powerplant is l e e s  than t h e  e l e c t r i c  power r equ i r e -  
ment, t h e  d i f f e r e n c e  between t h e  r e q u i r e d  power and t h a t  generated by the  
powerplant is purchasea from t h e  u t i l i t y .  If t h e  powerplant e lec t r ic  power 
output  exceeds t h e  requirement,  t h e  excess  e l e c t r i c a l  g e n e r a t i o n  is s o l d  t o  
t h e  u t i l i t y .  
determined, and t h e  time of  t h e  day and t h e  day of t h e  week du r ing  which t h i s  
would occur are i d e n t i f i e d .  Th i s  i n fo rma t ion  i s  necessary t o  r e a l i s t i c a l l y  
estimate the  c o s t s  a s s o c i a t e d  with t h e  purchase and sale of t h e  e l e c t r i c  power 
s i n c e ,  i n  g e n e r a l ,  t h e  ra te  f o r  e l e c t r i c i t y  purchased from a u t i l i t y  by e n  
i n d u s t r i a l  customer depends on such t h i n g s  as the  amount used, t h e  amount used 
r e l a t i v e  t o  t h e  peak demand, end t h e  t iming  of t h e  usage. These i n f l u e n c e s  
have been included i n  t h i s  a n a l y s i s  by us ing  publ ished e l e c t r i c i t y  rates and 
rate s t r u c t u r e s  a s  a model f o r  t h e  assumptions made f o r  the  p r i c e s  of e l e c -  
t r i c i t y  purchased or so ld .  Furthermore t h e s e  assumed p r i c e s ,  and those  assumed 
for c o a l  and n a t u r a l  gas, were p a r a m e t r i c a l l y  va r i ed  t o  determine t h e  s e n s i t i v -  
i t )  of t h e  r e s u l t s  t o  t h e s e  assumptions. Also t h e  ICCC powerplant s i t e  was 
pa rame t r i ca l ly  va r i ed  s i n c e  t h i s  would have a s i g n i f i c a n t  e f f e c t  on t h e  m o u n t s  
and t i m i n g  of e l e c t r i c i t y  purchases and s a l e s  and hence on t h e  o p e r a t i o n a l  
economics. 
I f  t h e  r e s u l t i n g  e l e c t r i c  
The amounts of  e l e c t r i c i t y  t h a t  are purchased and s o l d  are 
DESCRIPTION OF LEWIS STEAM AND ELECTRICAL REQUIREMENTS 
The L e w i s  steam requirements are  mainly f o r  space h e a t i n g  and g e n e r a l l y  
vary d i r e c t l y  with ambient temperature.  S a t u r a t e d  steam is r e q u i r e d  a t  a 
prcosure of 0.87 HPa (125 p s i a ) .  In f i g u r e  1 a steam load d u r a t i o n  curve f o r  
a t y p i c a l  year  a t  t h e  L e w i s  s i t e  is shown. The steam requirement is shown as 
a func t ion  of t h e  number of hours a t  t h a t  load o r  higher .  A peak steam load of  
about 12.6 kg/sec (100 000 l b / h r )  is t y p i c a l l y  reached on the  c o l d e s t  w i n t e r  
day and the  steam g e n e r a t i o n  and d i s t r i b u t i o n  sys t em i s  g e n e r a l l y  ope ra t ed  a t  
a minimum output  o f  about 2 . 2 7  kg/sec (18 000 l b / h r )  independent of ambient 
3 
temperature.  
700 hours (or 8 p e r c e n t )  of a t y p i c a l  year .  
t h i s  example y e a r  was about 4.66 kg/sec (37 000 l b h r ) .  
S t e m  loads  above 7.56 kg/sec (60 000 l b h r )  occu r  o n l y  about  
The annual  average steam load f o r  
The L e w i s  e l e c t r i c  load is depend-nt on t h e  schedul ing of  major test 
facilities and v a r i e s  cons ide rab ly  w i t .  t i m e .  The a c t u a l  e lectr ic  load- 
v a r i a t i o n s  f o r  one week i n  1979 are shown i n  f i g u r e  2. A0 i n d i c a t e d ,  f a c i l i -  
t ies  are g e n e r a l l y  scheduled so t h a t  t h e  h i g h e s t  e lectr ic  loads  occur  a t  n i g h t  
du r ing  t h e  local u t i l i t y ' s  off-peak hou i s ,  when t h e  c a p a c i t y  is a v a i l a b l e  r ad  
t h e  c o s t  o f  e l e c t r i c i t y  is lowest.  
7:OO a.m. t o  1O:OO p.m. on weekdays and 7:OO a.q. t o  1O:OO a.m. on Saturday and 
are i n d i c a t e d  i n  t h e  f igu re .  
t o  40 MW dur ing  t h e  u t i l i t y ' s  peak hours. Because t h e  major f a c i l i t i e s  r e q u i r e  
so much power and are not  ope ra t ed  con t inuous ly ,  t h e  Lewis average load is  
r e l a t i v e l y  s m a l l  as compared w i t h  t h e  peak load (i.e.,  t h e  load f a c t o r  is  low). 
The u t i l i t y ' s  peak hours  are de f ined  as 
During 1979, e lec t r ic  loads t y p i c a l l y  ranged up 
The e lectr ic  load d u r a t i o n  cu rves  for 1979 and 1980 are shown i n  f i g u r e  
3(a) .  
Therefore  t h e  e l e c t r i c a l  d a t a  f o r  1979 were taken as being t y p i c a l  of t he  L e w i s  
requirements and used i n  t h i s  a n a l y s i s .  
about 18 MW. The maximuat load exceeded 200 MU so t h a t  t h e  load f a c t o r  war less 
t h a n  0.09. 
t h e  time) and exceeded 25 MW about 1500 hours  p e r  y e a r  (or 17 pe rcen t  of t h e  
t i m e ) .  Half of t h e  t i m e  t h e  load was below 10 WW. 
R c  e l e c t r i c  load d u r a t i o n  cu rves  f o r  t h e s e  two y e a r s  are very similar. 
The average load f o r  both y e a r s  was 
The load exceeded 50 MW about 600 hours  pe r  y e a r  tor 7 pe rcen t  of  
These c h a r a c t e r i s t i c s  of t h e  Lewis load are t h e  r e s u l t  o f  t h e  s p e c i f i c  
n a t u r e  of t h e  e l e c t r i c a l  requirements  f o r  t h e  test f a c i l i t i e s  and t h e  e v a i l -  
a b i l i t y  and c o s t  of  e l e c t r i c i t y  from t h e  l o c a l  u t i l i t y .  The t o t a l  c o s t  of  
gene ra t ing  and d i s t r i b u t i n g  e l e c t r i c i t y  depends on t h e  c a p a c i t y  of  t h e  equip- 
ment t h a t  must be made a v a i l a b l e  as  well as on t h e  amount of  e l e c t r i c i t y  
generated.  Thus u t i l i t y  rates f o r  i n d u s t r i a l  customers i n c l u d e  a demand 
charge t h a t  i s  p r o p o r t i o n a l  t o  t h e  cuetomet 's  peak power demand and a n  energy 
charge t h a t  is p ropor t ione l  t o  t h e  amount of  energy used. Furthermore t h e s e  
r a t e s  a r e  s t r u c t u r e d  t o  encourage customers t o  manage t h e i r  l oads  t o  keep t h e  
load f a c t o r  (average load r e l a t i v e  t o  peak load )  as high as poss ib l e .  
j u s t  d i acussed ,  Lewis '  load f a c t o r  is unavoidably low because of t h e  e lectr i -  
c a l  requirement c h a r a c t e r i s t i c s  of t h e  r e sea rch  f a c i l i t i e s  (i.e. , l a r g e  
e l e c t r i c a l  requirements  f o r  r e l a t i v e l y  s h o r t  time pe r iods ) .  The re fo re ,  du r ing  
t h e  example years 1979 and 1980, t h e  L e w i s  c o n t r a c t  w i th  t h e  l o c a l  u t i l i t y  
r equ i r ed  p r i o r  approval  from t h e  u t i l i t y  f o r  power l e v e l s  used above a speci-  
f i e d  value. This va lue ,  which was 24 MU, s a t i s f i e d  the  baeeload and a rela- 
t i v e l y  modest amount of power f o r  smaller test  f a c i l i t i e s .  Gene ra l ly ,  t h e  
l a r g e r  power-consuming f a c i l i t i e s  were scheduled du r ing  t h e  u t i l i t y ' s  off-peak 
hours when more e e n e r a t i n g  c a p a c i t y  was a v a i l a b l e  and t h e  r a t e  charged f o r  
e l e c t r i c i t y  was lower. 
( e ) ,  where e l e c t r i c  load d u r a t i o n  cu rves  are shown f o r  t h e  u t i l i t y ' s  peak and 
off-peak hours ,  r e s p e c t i v e l y .  During peak hours  ( f i g .  3 ( b ) )  t h e  maximum elec- 
t r i c a l  demand was only 5 7  MW and exceeded 25 HW on ly  about 550 hours  o u t  of 
4100 hours (about 13 pe rcen t  of t h e  time). During off-peak hours  ( f i g .  3 ( c ) )  
t h e  maximum e l e c t r i c a l  demand was more than 200 MW and exceeded 25 MW about 
1050 hours out of 4700 hours (about 2 2  p e r c e n t ) .  Also no te  t h a t  t h e  e l e c t r i c  
load du r ing  off-peak hours was less than 10 MW f o r  about two-thirds  of t he  
But, as 
This  is more c l e a r l y  i l l u s t r a t e d  i n  f i g u r e s  3(b)  and 
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time s i n c e  many o f f -peak  hours  correspond t o  weekends and ho l idays  when elec- 
t y i c a l  requiremer.ts are low. 
t u r e  used i n  t h i s  a n a l y s i s  is  presented la ter  i n  t h i s  r epor t .  
A f u r t h e r  d e s c r i p t i o n  of  t h e  u t i l i t y  ra te  s t r u c -  
DESCRIPTION OF COGENERATION SYSTW 
A schematic of  t h e  i n t e g r a t e d - g a s i f i e r ,  combined-cycle (IGCC) system is 
shown i n  f i g u r e  4. 
and f u r t h e r  p r e s s u r i z e d  i n  a motor-driven boost  compressor. 
Btu gas  from t h e  g a s i f i e r  pas ses  through a cyclone separator and is cooled 
before  f u r t h e r  cleanup. The cooled gas passes  through a d d i t i o n a l  cyclone 
s e p a r a t o r s  and a v e n t u r i  s c rubbe r  t o  remove p a r t i c u l a t e s  and then  to  a Bolmes- 
S t r e t f o r d  d e s u l f u r i z a t i o n  system, where 82s i n  t h e  f u e l  gas is  removed and 
converted i n t o  e l emen ta l  s u l f u r  f o r  d i sposa l .  
reheated i n  t h e  r a r g a s  c o o l e r  be fo re  i n j e c t i o n  i n t o  t h e  g a s  t u r b i n e  combustor. 
E l e c t r i c i t y  is  produced by t h e  g a s  tu rb ine -gene ra to r ,  and h e a t  from t h e  gas 
t u r b i n e  exhaust is recovered i n  a heat-recovery steam g e n e r a t o r  (RRSG),  where 
steam t u r b i n e  t h r o t t l e  steam is r a i s e d .  G a s i f i e r  steam and a d d i t i o n a l  t h r o t t l e  
steam are r a i s e d  i n  t h e  raw-gas coo le r .  This t h r o t t l e  steam is combined with 
t h a t  produced i n  t h e  HRSG, and t h e  t o t a l  is  expanded i n  t h e  steam tu rb ine -  
gene ra to r ,  where a d d i t i o n a l  e l e c t r i c i t y  is produced. Steam requ i r ed  fox 
h e a t i n g  a t  Lewis is  e x t r a c t e d  from t h e  steam t u r b i n e  a t  0.87 MPa (125 p e i a ) .  
For t h i s  a n a l y s i s  it has  been assumed t h a t  t h e  g a s i f i e r - c l e a n u p  system and t h e  
gas  t u r b i n e  always o p e r a t e  a t  f u l l  d e s i g n  capac i ty .  The ra te  of steam 
e x t r a c t i o n  from t h e  steam t u r b i n e  i s  va r i ed  with t h e  steam demand, l ead ing  t o  
v a r i a t i o n s  i n  t h e  system to t a l  e l e c t r i c  power output  as a r e s u l t  o f  t h e  steam 
t u r b i n e  power v a r i a t i o n s .  When t h e  system is down f o r  maintenance, or when 
t h e  steam demand exceeds t h e  steam t u r b i n e  maximum e x t r a c t i o n  ra te ,  a n a t u r a l -  
gas - f i r ed  supplementary b o i l e r  is used t o  supply t h e  t o t a l  steam requirement 
o r  t o  make up the  d i f f e r e n c e  between t h e  r equ i r ed  amount and t h a t  roduced by 
t h e  power system. 
g a s i f i e r  e l i g h t l y  l a r g e r  and produce e x t r a  f u e l  g a s  f o r  use i n  the  supplemen- 
t a r y  b o i l e r .  However, an a 1 t e r n a t : l e  f u e l  l i k e  n a t u r a l  gas  would s t i l l  be 
needed when the  g a s i f i e r  was not  ope ra t ing .  
G a s i f i e r  a i r  is e x t r a c t e d  from t h e  gas t u r b i n e  compressor 
The h o t ,  raw l o r  
The c l e a n  f u e l  gas is then  
An a l t e r n a t i v e  t o  using n a t u r a l  gas  would be t o  s i z e  the  
The IGCC system parameters f o r  t h i s  a n a l y s i s  are shown i n  t a b l e  I. The 
gas  t u r b i n e  parameters r e f l e c t  s t a t e - o f - t h e - a r t  cond i t ions .  The r e l a t i v e l y  
low steam t u r b i n e  t h r o t t l e  c o n d i t i o n s  were s e l e c t e d  because of t he  r e l a t i v e l y  
low gas t u r b i n e  exhaust  temperature and small steam t u r b i n e  s i z e .  The g a s i -  
f i e r  is t h e  air-blown Westinghouse f l u i d  bed s e l e c t e d  f o r  s t u d y  i n  r e f e r e n c e  
1. The g a s i f i e r  ope ra t ing  p res su re  is  e u f f i c i e n t l y  above t h e  gan t u r b i n e  
combustor p r e s s u r e  t o  overcome g a s i f i e r  and cleanup p res su re  losses and t h e  
p r e s r u r e  l o s s  t h a t  results when t h e  f u e l  gas  i s  i n j e c t e d  i n t o  t h e  combustor. 
The h e a t i n s  va lue  of t h e  c l e a n  f u e l  gas  is as shown. P a r t i c u l a t e  emissions 
are kept low through e f f i c i e n t  removal of p a r t i c u l a t e s  from t h e  f u e l  gas  by 
t h e  combination of  cyclones and a v e n t u r i  scrubber .  
are a r e s u l t  of H2S removal from the  f u e l  gas  i n  a Holmes-Stretford u n i t ,  
where elemental  s u l f u r  i s  recovered f o r  d i s p o s a l  i n  a s o l i d  cake f o w .  The 
low NOx emissions a r e  due t o  t h e  low-flame temperature  from t h e  combustion 
of  the low-Btu f u e l  gas. 
The low SO, emissions 
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Based on t h e  IGCC system schematic shown i n  f i g u r e  4 and t h e  IGCC system 
parameters  l i s t e d  i n  t a b l e  I, a h e a t  and mass balance f o r  t h e  IGCC cogenera- 
t ion powerplant was c a l c u l a t e d  f o r  a range o f  steam e x t r a c t i o n  rates. 
IGCC system power ou tpu t  as a f u n c t i o n  o f  t h e  steam e x t r a c t i o n  rate is shown 
i n  f i g u r e  5 f o r  t h e  t h r e e  system c a p a c i t i e s  t h a t  were analyzed. 
and 30-MW system c a p a c i t i e s  r e f e r  t o  t h e  d e s i g n  power ou tpu t  of t h e  system when 
no steam i s  e x t r a c t e d  from t h e  steam tu rb ine .  
range from t h e  si te considered i n  r e f e r e n c e  1, which i s  n e a r  t h e  annual  average 
e lectr ical  requirement (20 MU), t o  an IGCC c a p a c i t y  o f  30 MW, which sa t i f ies  
t h e  maxiplum steam requirement.  For t h i s  s i t e  range t h e  IGCC system e f f i c i e n c y  
a t  any given e x t r a c t i o n  rate is  assumed t o  be t h e  same. The e x t r a c t i o n  rate 
is  expressed i n  terms of t h e  pe rcen t  o f  steam t u r b i n e  t h r o t t l e  flow, with t h e  
maximum e x t r a c t i o n  rate assumed t o  be 88 percent .  The e lec t r ic  power ou tpu t  
dec reases  with a n  i n c r e a s i n g  amount of  steam e x t r a c t i o n  as t h e  steam t u r b i n e  
e lectr ic  power output  decreases .  
t i o n  is 25 percen t  lower than  the  maximum o u t p u t  a t  z e r o  steam e x t r a c t i o n .  
range of L e w i s  steam requirements  is  i n d i c a t e d  on t h e  absc i s sa .  As shown, t h e  
30-MU IGCC system can  s a t i s f y  t h e  maximum L e w i s  steam requirement.  
25-MU systems cannot and r e q u i r e  t h e  use  of a supplementary b o i l e r .  
The 
The 20-, 25-, 
These system c a p a c i t i e s  cove r  a 
The power output  a t  t h e  maximum steam extrac- 
The 
The 20- and 
GROUND RULES AND ASSUMPTIONS 
The t e c h n i c a l  assumptions used i n  t h i s  a n a l y s i s  are as fol lows:  
( 1 )  The gas i f i e r - c l eanup  system and t h e  g a s  t u r b i n e  o p e r a t e  a t  cons t an t  power. 
(2 )  Steam is e x t r a c t e d  from t h e  steam t u r b i n e  t o  match Lewis '  steam 
requirement . 
( 3 )  E l e c t r i c i t y  is purchased and so ld  as required.  
(4) A supp l tden ta ry  b o i l e r  is u s e d  whea t h e  steam requirement exceeds maximum 
cogenerat ion system steam e x t r a c t i o n .  
( 5 )  A supplementary b o i l e r  is  used f o r  t he  e n t i r e  steam requirement when t h e  
cogene ra t ion  system i s  down. 
(6)  Ambient temperature v a r i a t i o n s  are not included i n  performance 
c a l c u l a t i o n s .  
( 7 )  Cogeneration system downtime is e q u a l l y  probable  e t  a l l  loads.  
As mentioned p rev ious ly ,  t h e  g a s i f  ier-cleanup s y s t e q  and the  gas  t u r b i n e  are 
assumed t o  ope ra t e  a t  c o n s t a n t ,  ful l -design-point  c o c d i t i o n s ,  while  t h e  steam 
t u r b i n e  e x t r a c t i o n  rate fol lows the  steam demand. I f  the Lewis e l e c t r i c a l  
demand i e  g r e a t e r  than the  amount of  e l e c t r i c i t y  produced ~y t h e  power system, 
a d d i t i o n a l  e l e c t r i c i t y  is  assumed t o  be purchased from ;he u t i l i t y  company. 
If e l e c t r i c a l  demand is less than the  amount of e l e t r i c i t y  produced on - s i t e ,  
excese e l e c t r i c i t y  is assumed t o  be s o l d  t o  the  u t i l i t y  company. An obvious 
a l t e r n a t i v e  assumption would be t o  t u r n  down t h e  on - s i t e  oyetem so t h a t  excess  
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poprer is not  generated.  
When t h e  steam requirements exceed t h e  maximum amount of  steam t h a t  can be 
e x t r a c t e d  from t h e  steam t u r b i n e ,  a supplementary b o i l e r  f i r i n g  n a t u r a l  gas 
makes up t h e  d i f f e r e n c e .  Also,  when t h e  IGCC system is down f o r  maintenance 
or repair, t h e  supplementary b o i l e r  s u p p l i e s  t h e  ea t i re  steam requirement.  
The supplementary b o i l e r  is t h e r e f o r e  s i t e d  t o  meet t h e  max imum Lewis steam 
load (12.6 kg/sec,  100 000 l b / h r ) .  Ambient temperature v a r i a t i o n s  were not  
considered i n  t h e  power system performance (15" C (59" F)  ambient temperature  
was assumed fo r  a l l  c a l c u l a t i o n s ) .  For c a l c u l a t i o n  purposes t h c  t i m e  t h a t  t h e  
IGCC system is assumed to  be down i s  e q u a l l y  d i s t r i b u t e d  throughout t h e  y e a r  
(i.e., is e q u a l l y  probable  a t  a l l  Loads). 
Th i s  rsas not  considered i n  t h i s  p re l imina ry  a n a l y s i s .  
The p r i c e  f o r  e l e c t r i c i t y  assumed i n  t h i s  a n a l y s i s  is 'cased on u t i l i t y  
rates f o r  l a r g e  i n d u s t r i a l  u s e r s  approved by t h e  P u b l i c  Ut i l i t ies  Commission 
of  Ohio (PUCO). The va lues  f o r  va r ious  charges i n  e f f e c t  as  of June 1980 
corresponding t o  t h i s  ra te  s t r u c t u r e  were e s c a l a t e d  t o  1985 (assumed to  be t h e  
d a t e  of p l a n t  s t a r t u p )  by us ing  Department of  Energy p r o j e c t i o n s  ( r e f .  2) .  
These assumed 1985 c o s t s  are expressed i n  1980 d o l l a r s .  
It was f u r t h e r  assumed t h a t  a c o n t r a c t  with t h e  u t i l i t y  company would be  
o f  t h e  same form as  previous c o n t r a c t s .  Th i s  would a l low f o r  a c o n t r a c t u a l l y  
f i x e d  demand charge. A l l  purchased power requirements  above t h e  power l e v e l  
t h a t  corresponds t o  t h e  f i x e d  demand charge would r e q u i r e  u t i l i t y  company 
approval.  The assumed rates are shown i n  t a b l e  11. The power l e v e l  f o r  t h e  
f ixed  c o n t r a c t  demand (FCD) charge was assumed t o  be 24 MU i n  t h e  s i t u a t i o n  
without  cogenerat ion.  
was assumed t o  be 5 MW, which is t h e  minimum peak demand l e v e l  t o  q u a l i f y  f o r  
t h e  l a r g e  i n d u s t r i a l  customer rate. I n  the  o t h e r  cogene ra t ion  c a s e s  the  FCD 
power l e v e l  was taken as t h e  d i f f e r e n c e  between 24 MW and t h e  minimum power 
output  of t h e  on - s i t e  IGCC system. (The FCD power l e v e l  i n  t h e s e  c a s e s  is 
then g r e a t e r  than 5 MW.) The FCD charge cove r s  t he  u t i l i t y ' s  c o s t s  f o r  making 
a v a i l a b l e  t h e  gene ra t ing  c a p a c i t y  t o  provide power up t o  t he  FCD power l e v e l  
a t  any t i m e  du r ing  t h e  b i l l i n g  per iod.  
charge is made as a func t ion  of t he  amount used. 
t r i c i t y  used a t  power l e v e l s  below t h e  FCD power is based on a d e c l i n i n g  block 
s t r u c t u r e .  The s i re  of  t h e  energy consumption blocks is expressed i n  terms of  
t h e  FCD power as shown i n  t a b l e  11. The f irst  energy consumption block extends 
up t o  115 kW-hr p e r  FCD power. The FCD charge is  app l i ed  t o  t h i s  block and no 
a d d i t i o n a l  energy charge i s  made. The energy charges f o r  t he  succeeding two 
consumption blocks a r e  a l s o  shown i n  t a b l e  11. 
In  t h e  30-MW IGCC cogene ra t ion  case t h e  FCD power l e v e l  
In  a d d i t i o n  t o  t h i s  charge,  an energy 
The energy charge f o r  c l e c -  
As previously shown i n  f i g u r e  3,  t h e  L e w i s  e l e c t r i c a l  requirement o f t e n  
exceeds t h e  FCD power l e v e l .  For energy used a t  power l e v e l s  above t h e  FCD 
power, energy charges are assumed t o  depend on whether energy is purchased 
du r ing  the  u t i l i t y ' s  peak or off-peak hcurs .  During u t i l i t y  peak hours t h e  
charge corresponds t o  the  o v e r a l l  e f f e c t i v e  c o s t  of t h e  e l e c t r i c i t y  purchased 
du r ing  t h a t  b i l l i n g  per iod a t  power l e v e l s  below the FCD power. During 
u t i l i t y  off-peak hours t h e  ener  y charge e q u a l s  t he  cha r  e a p p l i e d  t o  t h e  
t h i r d  energy consumption block f >420 kW-hr per  FCD power f . 
In  a d d i t i o n  t o  t h e  demand and energy charges,  a f u e l  charge i s  uniformly 
app l i ed  t o  a l l  e l e c t r i c i t y  purchas i .  The f u e l  charge shown i n  t a b l e  I1 i s  
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based on t h e  f u e l  charge f o r  June 1980 e s c a l a t e d  t o  1985 c o s t s  and expressed 
i n  1980 d o l l a r s .  
I n  t h e  cogene ra t ion  c a s e s  i t  WBS a n t i c i p a t e d  t h a t  t h e r e  would be a c o s t  
t o  t h e  u t i l i t y  company a s s s o c i a t e d  wi th  t h e  c a p a b i l i t y  t o  supply a d d i t i o n a l  
poarer when t h e  cogenerat ion system is down f o r  maintenance o r  r e p a i r .  In t h i s  
a n a l y s i s  t h i s  standby charge shown i n  t a b l e  I1 is assumed t o  be a p p l i e d  t o  t h e  
d i f f e r e n c e  between t h e  FCD power l e v e l s  f o r  t h e  noncogeneration and t h e  co- 
gene ra t ion  cases .  The assumed charge f o r  t h i s  s tandby c a p a c i t y  i s  also based 
on u t i l i t y  rates approved by t h e  PUCO f o r  l a r g e  i n d u s t r i a l  u s e r s  and is shown 
i n  t h e  t ab le .  F i n a l l y ,  d i s c o u n t s  t y p i c a l  of t hose  given t o  large i n d u s t r i a l  
cur,toc.srs who use high-voltage power and supply t ransforming and swi t ch ing  
equipment were assumed. These m o u n t  t o  s l i g h t l y  ove r  3 percent  of t h e  to ta l  
e l e c t r i c i t y  b i l l .  U s i n g  t h e  assumptions i n  t a b l e  11, t h e  e f f ec t ' ve  c o s t  o f  
e l e c t r i c i t y  used a t  power l e v e l s  less t \an t h e  FCD power is shown i n  f i g u r e  6 
as a func t ion  of  t h e  amount purchased du r ing  a monthly b i l l i n g  per iod.  The 
amount purchased is  shown on the  a b s c i s s a  pe r  un;: of FCD power. As shown, 
t h e  e f f e c t i v e  c o s t  of e l e c t r i c i t y  dec reases  with increased amounts of elec- 
t r i c i t y  purchased under the  FCD power l e v e l ,  with the e f f e c t i v e  COE approach- 
ing $0.04/kW-hr f o r  l a r g e  amounts o f  purchased e l e c t r i c i t y .  
The p r i c e s  assumed f o r  c o a l  and n a t u r a l  gas ,  taken from r e f e r e n c e  2,  are 
shown i n  t a b l e  111. Also shown i n  t a b l e  I11 is t h e  o v e r a l l  average c o s t  of  
e l e c t r i c i t y  f o r  t h e  noncogeneration c a s e  and f o r  each cogene ra t ion  case.  
These average c o s t s  of  e l e c t r i c i t y  a r e  presented he re  t o  show t h e  e f f e c t s  o f  
t h e  assumed rate s t r u c t u r e  ( a s  desc r ibed  i n  t a b l e  11) when combined wi th  t h e  
steam and e l e c t r i c  load d a t a  d i sp l ayed  i n  f i g u r e s  1 and 3,  r e s p e c t i v e l y ,  and 
t h e  IGCC performance shown i n  f i g u r e  5 .  These c a l c u l a t i o n s  are desc r ibed  
la te r  i n  t h e  r e p o r t .  The average e l e c t r i c i t y  p r i c e s  shown i n  t a b l e  111 a r e  
h ighe r  f o r  the cogene ra t ion  c a s e s  than f o r  t he  noncogeneration c a s e  because 
of t h e  decreased amount of purchased e l e c t r i c i t y  and t h e  a d d i t i o n a l  standby 
charge. The p r i c e  f o r  e l e c t r i c i t y  s o l d  t o  the  u t i l i t y  was assumed to  be t h e  
sum of t h e  f u e l  charge and t h e  energy charge f o r  t h e  t h i r d  energy consumption 
block (>420 kW-hr per FCD power) shown i n  t a b l e  I1 f o r  e l e c t r i c i t y  purchased 
below t h e  FCD power l e v e l .  Also shown i n  t a b l e  111 a r e  ranges over  which each 
p r i c e  was p a r a m e t r i c a l l y  var ied.  
METHOD OF ANALYSIS 
AB shown i n  f i g u r e  5 ,  t he  performance of the IGCC s y s t e m  v a r i e s  with t h e  
The IGCC performance amount of steam e x t r a c t e d  t o  meet t h e  L e w i s  steam load. 
d a t a  as a func t ion  of steam e x t r a c t i o n  r a t e  were combined with t h e  steam and 
e l e c t r i c  load demand cu rves  dhown i n  f i g u r e s  1 and 3 t o  c a l c u l a t e  t h e  annual 
consump:im of c o a l  f o r  t he  IGCC sys t em and the annual n a t u r a l  gas  consumption 
f o r  t h e  supplementary b o i l e r .  The amounts of e l e c t r i c i t y  purchased and s o l d  
annua l ly ,  a long with the corresponding amounts of f u e l  used o r  d i s p l a c e d  a t  
t h e  u t i l i t y  s i t e ,  were a l s o  c a l c u l a t e d .  
The L e w i s  e l e c t r i c a l  and steam demand8 a r e  independent of each o t h e r .  
Therefore  i t  was assumed t h a t  a l l  combinations of e l e c t r i c  and steam loads are 
encountered du r ing  a year.  A t  each value of e l e c t r i c  load the  corresponding 
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stearn loads  were determined from the  steam load d u r a t i o n  curve  expressed as a 
percentage of  t h e  year spent  a t  t h a t  load or higher .  These c a l c u l a t i o n s  were 
made by approximating each of  t he  load curves  by a series o f  d i s c r e t e  t i m e  
s t eps .  A computer code was used t o  c a l c u l a t e  t h e  va lues  of f u e l  consumption 
and of e l e c t r i c i t y  purchases and/or  s a l e s  i n  each d i s c r e t e  t i m e  i n t e r v a l  and 
t o  sum t h e s e  va lues  over a year, The t iming of t h e  e l e c t r i c i t y  purchases  and 
sales wi th  r e spec t  t o  t h e  u t i l i t y ' s  peak and off-peak hours and workdays or 
nonimrkdays was determined by u s i t ,  load d u r a t i o n  curves f o r  those  p a r t i c u l a r  
time per iods .  
From t h e  c a l c u l a t e d  f u e l  energy usages and t h e  assumed f u e l  p r i c e s  pre- 
v ious ly  shown i n  t a b l e  111, t h e  annual  expendi tures  f o r  f u e l  f o r  both t h e  
noncogeneration and cogenerat ion cases  were ca l cu la t ed .  
amounts and t iming of e l e c t r i c i t y  purchases  and sales wi th  t h e  assumed e l e c -  
t r i c i t y  rate s t r u c t u r e  prev ious ly  desc r ibed ,  t h e  r e s p e c t i v e  expendi tures  f o r  
e l e c t r i c i t y  purchases  i n  the  noncogeneration and cogenera t ion  cases  and 
rev9nues f o r  e l e c t r i c i t y  s a l e s  t o  t h e  u t i l i t y  i n  t h e  cogenera t ion  c a s e s  were 
determined. 
case  were based on a c t u a l  Levis  b o i l e r  ope ra t ion  d a t a ;  O&M c o s t s  f o r  t h e  co- 
gene ra t ion  cases  were c a l c u l a t e d  from estimates i n  r e fe rence  1. From these  
c a l c u l a t i o n s  t h e  t o t a l  annual ope ra t ing  c o s t s  f o r  t h e  noncogeneration and 
cogenera t ion  cases  were ca l cu la t ed .  
Also,  by us ing  t h e  
Operat ion and maintenance (O&M) c o s t s  f o r  t h e  noncogenerat ion 
The r e l a t i v e  c a p i t a l  c o s t s  of t h e  cogenerat ion systems were es t imeted  
by assuming t h a t  c a p i t a l  c o s t s  a r e  p ropor t iona l  t o  the  r a t i o  of cogenera t ion  
sys tem maximum e l e c t r i c  power output  c a p a c i t i e s  r a i s e d  t o  t h e  0.7 power. By 
us ing  these  r e l a t i v e  c a p i t a l  c o s t s  and the  ope ra t ing  c o s t  s av ings ,  f i r s t - y e a r  
r e l a t i v e  payback per iods  (def ined  as c a p i t a l  c o s t  r e l a t i v e  t o  f i r s t  year 
ope ra t ing  c o s t  s av ings )  were c a l c u l a t e d  fo r  t h e  t h r e e  cogenera t ion  cases .  
These payback per iods  a r e  r e l a t i v e  t o  a base payback per iod .  
aesunsd t o  be the  20-MW cogenera t ion  case  us ing  the  f u e l  and e l e c t r i c i t y  p r i c e  
assumptions shown in t a b l e  111. 
The base was 
COGENERATION PERFOR! .NCE 
As previous ly  shown i n  f i g u r e  5 ,  t h e  e l e c t r i c  power output  from the  IGCC 
cogenera t ion  systes v a r i e s  a s  t he  amount of steam e x t r a c t e d  from the  steam 
tu rb ine  is  changed t o  meet Lewis' steam demand. Likewise,  Lewis '  e l e c t r i c a l  
demand v a r i e s  over a wide range,  a s  shown i n  f i g u r e  3. This  r e s u l t s  i n  s i t u a -  
t i o n s  when the  e l e c t r i c a l  requiremen- exceeds t h e  amount of e l e c t r i c i t y  pro- 
duced by t h e  IGCC system, and a d d i t i o n a l  e l e c t r i c i t y  must be purchaeed. A t  
d i f f e r e n t  t imes,  t he  e l e c t r i c a l  requirements  a r e  l e s s  than  t h e  amount of 
e l e c t r i c i t y  t h a t  can be produced by the  cogenera t ion  system, and t h e  excess  
e l e c t r i c a l  product ion is so ld  t o  the  u t i l i t y .  This i s  i l l u s t r a t e d  i n  f i g u r e  
7 ,  where t h e  average power output  of t he  25-MW IGCC syetem i s  superimposed on 
t he  Lewis  e l e c t r i c  load du ra t ion  curve.  Aleo shown a r e  t h e  amounte of e l c c -  
t r i c i t y  eold and purchased. 
i nd ica t ed  i n  the  f i g u r e  r ep resen t s  t he  v a r i a t i c n  i n  e l e c t r i c  power o u t p , t  t h a t  
correeponds t o  the  v a r i a t i o n  i n  the  steam t u r b i n e  e x t r a c t i o n  r a t e s  t h a t  would 
be encountered. The f i g u r e  i l l u s t r a t e s  t h a t ,  i f  t h z  cogenera t ion  syetem 
opera ted  100 percent  of t he  time, the  s a l e  of  excess  e l e c t r i c i t y  t o  t h e  
The range of cogenera t ion  system power ou tpu t s  
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u t i l i t y  could occur  more than  75 percent  of the  year, with up t o  19 MU a v a i l -  
a b l e  f o r  ab le .  
t h e  time when h igher  power levels are requi red .  
The purchase of  e l e c t r i c i t y  would occur  about  20 percent  of 
The amounts of e l e c t r i c i t y  purchased and so ld  annual ly  a r e  shown a s  a 
func t ion  of cogenera t ion  system s i z e  i n  f i g u r e  8. 
amount of e l e c t r i c i t y  s o l d ,  t h e  amounts so ld  dur ing  t h e  u t i l i t y ' s  peak and 
off-peak hours  are a l s o  d isp layed .  
t h e  cogenera t ion  system ope ra t e s  80 percent  of the  year and is down 20 per ,  
of t h e  t h e  f o r  maintenance and/or  repair. A t  80 percent  a v a i l a b i l i t y ,  an 
equal  amount of  e l e c t r i c i t y  is annual ly  purchased and so ld  f o r  an  IGCC s y s t m  
s i te  of 25.6 MW. The amount of e l e c t r i c i t y  s o l d  inc reases  and t h e  amount of 
e l e c t r i c i t y  purchased decreases  with inc reas ing  cogenera t ion  system site. 
This  impl ies  h igher  revenue from the  sale of e l e c t r i c i t y  and lower c o s t s  f o r  
t h e  purchase of  e l e c t r i c i t y  with inc reas ing  cogenera t ion  system s i z e .  An 
important p o i n t  i l l u s t r a t e d  i n  f i g u r e  8 is  t h a t  f o r  t h e  1979 and I980 elec- 
t r i c  load requirements  a s i g n i f i c a n t  f r a c t i o n  of  t h e  excess  power genera t ing  
capac i ty  would occur  dur ing  t h e  u t i l i t y ' s  peak hours. 
chances t h a t  t h e  excess gene ra t ing  capac i ty  could be economically used. The 
gene ra t ion  of t h i s  excess  e l e c t r i c i t y  would be more f u e l  e f f i c i e n t  than t h e  
gene ra t ion  of  e l e c t r i c i t y  a t  t he  u t i l i t y  because of t h e  waste hea t  recovery 
from t h e  IGCC cogenera t ion  system. 
during u t i l i t y  off-peak hours wo I d  occur  dur ing  weekends and hol idays .  I f  
t h e  revenue from e l e c t r i c i t y  s a l e s  i s  r e l a t i v e l y  low dur ing  these  pe r iods ,  an 
opt ion  would be t o  ope ra t e  t h e  IGCC s y s t e m  a t  lower c a p a c i t i e s .  
I n  a d d i t i o n  t o  t h e  t o t a l  
The r e s u l t s  were obta ined  by assuming t t -  
This  would i n c r e a s e  t h e  
Much of t h e  excess  g e n e r a t i n g  capac i ty  
Cogeneration performance can be expressed i n  terms e f  t h e  f u e l  s av ings ,  
both a t  t h e  s i te  being cogenerated and a t  t he  u t i l i t y  company s i t e  a s  a r e s u l t  
of on-s i t e  e l e c t r i c a l  product ion with waste h e a t  recovery from t h e  cogenera- 
t i o n  system, An example of t h i s  is shown i n  f i g u r e  9 ,  where t h e  f u e l  savings 
a r e  shown f o r  t h e  ?S-MW IGCC system a t  t he  Lewis s i te  a s  a func t ion  of t h e  
s i t e  steam and e l e c t r i c a l  requirements.  The f u e l  savings a r e  shown as a per- 
centage of t h e  t o t a l  f u e i  t h a t  would be used a t  t h e  L e w i s  and u t i l i t y  s i tes  t o  
produce t h e  same amount of e l e c t r i c i t y  and steam i n  a noncogeneration s i t u a -  
t i on .  T h i s  i s  t h e  f u e l  sav ings  parameter used i n  r e fe rence  3. The f u e l  
energy sav ings  obtained a t  any time dur ing  the  yehr would f a l l  w i t h i n  t h i s  
cogenerat ion performance envelope f o r  t h i s  p a r t i c u l a r  IGCC sys tsm.  
l i n e  of t h i s  envelope corresponds t o  t h e  f u e l  savings achieved ihen  t h e  power 
output  of t h e  IGCC sys tem i s  g r e a t e r  than  or equal  t o  t h e  s i t e  e l e c t r i c a l  
requirements.  Whenever t h e  s i t e  e l e c t r i c a l  requirements  excee '  the  output  of 
the  IGCC and a d d i t i o n a l  power must be purchaded rrom the  u t i l i t > ,  t he  f u e l  
sav ings  a r e  lower and f a l l  w i th in  t h e  envelope. For a given s i te  stearn re- 
quirement the f u e l  energy sav ings  decrease  as the  s i t e  e l e c t r i c a l  requirement 
increases .  The lowest va lue  of f u e l  energy sav ings  i s  given by the  lower 
boundary of the  performance envelope,  corresponding t o  the  per iods  of maximum 
Lewis e l e c t r i c  power requirement.  The f u e l  energy savings a r e  h ighcs t  when 
t h e  steam requirements aze  h ighes t  because of the g r e a t e r  oppor tuni ty  f o r  
waste h e a t  recovery from the  IGCC system. The maximum value  of f u e l  energy 
savings occur  a t  a s i t e  steam requirement s l i g h t l y  above 10.08 kg/sec 
(80 000 l b / h r ) ,  which corresponds t o  t h e  maximum amount of  steam e x t r a c t i o n  
from the  25-MIJ IGCC system. The f u e l  energy sav ings  do not  i n c r e a s e  wi th  
steam demands g r e a t e r  than  t h i s  s i n c e  a supplementary b o i l e r  is  requi red  t o  
The t o p  
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raise the additional steam. Thus the largest instantaneous fuel energy savings 
would be realized at high site stearn requirements with simultaneously low 
power requirements, corresponding to a cold winter nonworkday or a cold winter 
workday when research and testing power requirements are relatively low. The 
fuel energy savings could reach almost 17 percent 
utilization, defined as the useful power plud heat divided by the fuel input, 
of about 62 percent. Conversely, the smallest instantaneous fuel energy 
savings would be achieved at low site steam requirements with high power 
requirements, corresponding to the running of large electricity-consmi- 
facilities in the summer. 
between these two extremes is substantial. 
with an overall energy 
Note that the difference in fuel energy savings 
The annual fuel use rates and cogeneration fuel savings are shown in 
table IV. 
as indicated in figure 5, with the load profiles of figures 1 and 3. The co- 
generation results assume an IGCC system availability of 80 percent and an 
overall utility electrical efficiency (including transmission Losses) of 
32 percent. In the noncogeneration system, natural gas is used in the on-site 
boiler to meet the steam requirements and all the electricity required is pur- 
chased from the utility company. The utility fuel, which is dominantly coal, 
is assumed to be all coal in table IV. As shown, the natural gas use is sub- 
stantially reduced in the cogeneration cases. In the 30-MW IGCC cogeneration 
case the amount of natural gas use shown is required for a supplementary boiler 
to meet the steam requirements only when the IGCC system is down for mainten- 
ance or repair. For the 20- and 25-W IGCC cogeneration cases, an additional 
amount of natural gas is needed to meet the peak steam requirements, which 
exceed the steam turbine extraction limit. As discussed earlier, at times the 
cogeneration cases require the purchase of electrici.ty from the utility (when 
the power demands are high or when the IGCC is not operating), and at other 
times the cogeneration cases involve the generation and sale of excess elec- 
tricity to the utility. 
purchased power and the coal that could be displaced at the utility site 
because of the excess power generated at the Lewis site are shown in table 
IV. When this is combined with the coal input to the IGCC system, it is evi- 
dent that the total coal use in the cogeneration cases slightly exceeds the 
coal use in the noncogeneration case. However, the reduction in natural gas 
consumption exceeds the increase in coal use, and there results a net fuel 
savings as shown in the last column. As the IGCC size increases, the amount 
of total coal use (including coal used at the utility) and natural gas use 
decreasee, resulting in a greater fuel energy savings. 
These were calculated by combining the instantaneous performance, 
The coal required at the utility site for the 
The data in table IV are sensitive to the assumed IGCC system avail- 
ability, as illustrated in figure LO. As stated earlier, it has been assumed 
that the IGCC system is operated at full design coal input whenever it is 
available for operation, so that the capacity factor equals the assumed avail- 
ability. 
system being down is equally likely throughout the year. In figure 10(a) the 
annual fuel energy savings are expressed 'n dimensional terms. 
the annual savings increase with inc eating cogenera ion system availability. 
savings shown in table IV for the 30-MW IGCC cogeneration case would iricrease 
to 3.02~10~ W / y r  (2.86~10~ MBtu/yr) if the IGCC operated continuously at 
Also it has been assumed that the probability of the cogeneration 
Ae expected, 
As shown in figti? 10(a) the 2.41~10 8 -MJ/yr (2.29~10 5-MBtu/yr) fuel 
1 1. 
f u l l  c a p a b i l i t y  f o r  t he  e n t i r e  year.  
shown as a percentage o f  t h e  amount o f  f u e l  t h a t  would have been r e q u i r e d  
without  cogene ra t ion  t o  produce t h e  same amount of  power and h e a t  as produced 
with cogenerat ion.  The CTAS d e f i n i t i o n  of  f u e l  energy sav ings  h a s  been used 
( r e f .  3).  Thus t h e  noncogeneration f u e l  u se  i n  t h i s  d e f i n i t i o n  i n c l u d e s ,  i n  
a d d i t i o n  t o  t h e  b o i l e r  f u e l ,  t h e  u t i l i t y  system f u e l  t h a t  would be needed t o  
g e n e r a t e  power equal  t o  t h e  Lewis s i t c  requirements p l u s  t h e  excess  g e n e r a t i o n  
o f  t h e  cogene ra t ion  case.  
c e n t ,  t h e  t o t a l  f u e l  energy sav ings  f o r  t he  t h r e e  IGCC system s i z e s  amount t o  
approximately 7.5 pe rcen t  o f  t h e  noncogeneration f u e l  e r e r g y  uae, 
f u e l  savings were expressed on ly  as a percentage of  t h e  sum of  t h e  
4 . 4 5 ~ 1 0 ~  W / y r  ( 4 . 2 2 ~ 1 0 ~  t'3tu/yr) of n a t u r a l  gas used and t h e  1 8 . 0 2 ~ 1 0 8  W / y r  
(17 .08~105  M B t d y r )  of  u t i l i t y  f u e l  needed t o  meet on ly  t h e  L e w i s  s j t e  
needs,  t h e  f u e l  s av ings  a t  80 percent  T :C a v a i l a b i l i t y  would range from 9.2 
t o  10.7 r)ercent. 
I n  f i g u r e  10(b)  t h e  f u e l  s a v i n g s  ere 
A t  a cogeae ra t ion  system a v a i l a b i l i t y  o f  80 per- 
I f  t h e  
OPERATING COST 
I n  t a b l e  V t h e  amount of e l e c t r i c i t y  purchased o r  s o l d  per  y e a r  i s  shown 
f o r  t h e  noncogeneration case and t h e  t h r e e  cogenerat ion cases .  These va lues  
assume a cogene ra t ion  power sys t em a v a i l a b i l i t y  o f  80 percent .  The amount o f  
e l e r r r i c i t y  purchased is  ca t egor i zed  according t o  whether i t  was purchased a t  
power l e v e l s  below o r  above the FCD power l e v e l ,  whether i t  was purchased when 
the  cogenerat ion system was operatine;,  and whether i t  was purchased du r ing  t h e  
u t i l i t y ' s  peak o r  off-peak hours. 
according t o  whether it is  s o l d  du r ing  the  u t i l i t j ' s  peak o r  off-peak hours o r  
s o l d  during Lewis workdays o r  nonworkdays. 
purchased i n  the  noncogeneration c.:9e i s  purchased below t h e  assumed 24-MW FCD 
power l e v e l .  Most o f  t h e  e l e c t r i c i t y  purchased a t  h i g h e r  power l e v e l s  is pur- 
chased d u r i i q  u t i l i t y  off-peak hours. This was p rev ious ly  i l l u s t r c t e d  i n  
f i g u r e s  2 anc 3. For t h e  coqene ra t ion  c a s e s  about h a l f  of t h e  purchased elec- 
t r i c i t y  i s  r equ i r ed  a t  power l e v e l s  below t n e  FCD power l e v e l .  Most o f  t h e  
e l e c t r i c i t y  purchased below the FCD power l e v e l  is  pdchased when t h e  IGCC 
cogenerat ion system i 3  +own f o r  maintenance or r e p a i r .  
ca ses  most of t h e  e l e c  i c i t y  purchase2 a t  power l e v e l s  above t h e  FCD power 
l e v e l  i s  purchased during off-peak hours.  
t h e  e l  , t r i c i t y  s o l d  t o  t h e  u t i l i t y  i s  s o l d  du r ing  t h e i r  peak hours.  
E l e c t r i c i t y  t h a t  is s o l d  is ca tegor i zed  
As shown, most of  t h e  e l e c t r i c i t y  
For the  cogene ra t ion  
S i g n i f i c a n t l y  30 t o  40 pe rcen t  of 
I n  t a b l e  VI t h e  annual c o s t s  and revenues f o r  t h e  purchased and s o l d  
e l e c t r i c i t y  of t a b l e  V a r e  shown f o r  t h e  noncogeneration and cogene ra t ion  
cases. The c o s t s  f x  purchased e l e c t r i c i t y  are ca t egor i zed  as i n  t a b l e  V. 
The revenuea f o r  e l e c t r i c i t y  s o l d  t o  the  u t i l i t y  are not c s t e g o r i z e d  as  i n  
tzt!~ V because on ly  one p r i c e  was assumed f o r  e l e c t r i c i t y  s o l d  t o  t h e  u t i l i t y  
r e g a r d l e s s  of  when i t  is so ld .  In p r a c t i c e ,  i t  would be expected t h a t  t he  
p r i c e  paid by t h e  u t i l i t y  f o r  e l e c t r i c i t y  s o l d  t o  them dur ing  peak hours would 
be h ighe r  than t h a t  paid f o r  e l e c t r i c i t y  s o l d  t o  them dur ing  off-peak hours.  
The s t a rdby  charges r ep resen t  a l a r g e  p o r t i o n  of t h e  t o t a l  c o s t  f o r  purchased 
e l e c t r i c i t y  f o r  t h e  cogene ra t ion  cases .  As shown p rev ious ly  i n  t a b l e  111, t h e  
p r i c e  charged for e l e c t r i c i t y  purchased from t h e  u t i l i t y  i n  t h e  cogene ra t ion  
cases  was assumed t o  be g r e a t e r  than t h a t  pa id  f o r  e l e c t r i c i t y  s o l d  back t o  t h e  
u t i l i t y .  Thus f o r  t he  30-MW c o g e n e r a t i m  c a s e  the  revenue from t h e  e l e c t r i c i t y  
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so ld  t o  t h e  u t i l i t y  is lesn than  t h e  cost f u r  purchased e l e c t r i c i t y  even 
though, as shown i n  t a b l e  V, t h e  amount of  e ' .ecLrici ty  s o l d  is cons ide rab ly  
more than t h a t  purchased. 
dec reases  and t h e  revenue from s o l d  e l e c t r i c i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  IGCC 
system site. 
The t o t a l  expense f o r  purchased e l e c t r i c i t y  
The ope ra t ing  c o s t  summary f o r  t h e  noncogeneration and cogene ra t ion  cases 
is shown i n  t a b l e  V I I .  The c o s t s  are expressed as 1985 costs i n  1980 d o l l a r s .  
The tuo largest operating expenses i n  t h e  noncogeneration case, t h e  c o s t s  f o r  
n a t u r a l  gas and purchased e l e c t r i c i t y ,  are s u b s t a n t i a l l y  reduced i n  t h e  
cogenerat ion cases. As shown, t h e  b igge r  t h e  IGCC cogene ra t ion  system, t h e  
lower is t h e  expense f o r  purchased e l e c t r i c i t y ,  and t h e  h ighe r  i s  t h e  revenue 
from excess  power generat ion.  
h ighe r  06H expenses and w i l l  i ncu r  an a d d i t i o n a l  expense <>r coal. The O M  
c o s t  estimates shown for  t h e  IGCC cogene ra t ion  cased were based on estimates 
from r e f e r e n c e  1. Because of  t he  g r e a t e r  amounts o f  c o a l  used, t h e  on - s i t e  
c o a l  expenses are h ighe r  than t h e  expense f o r  n a t u r a l  g a s  i n  t h e  noncogenera- 
t i o n  case. But as shown, the  n e t  e f f e c t  IS a reduc t ion  i n  t o t a l  o p e r a t i n g  
expenses f o r  t h e  cogenerat ion cases as compared with t h e  noncogeneration case. 
Also t he  t o t a l  ope ra t ing  c o s t s  f o r  t he  cogene ra t ion  c a s e s  dec rease  as t h e  
cogenerat ion system s i t e  inc res ses .  
cogenerat ion cases  correspond t o  c , s t  s av ings  of 21 t o  26 pe rcen t  r e l a t i v e  t o  
t h e  ope ra t ing  c o s t  f o r  t h e  noncogeneration case. 
But o n - s i t e  cogene ra t ion  aystems w i l l  have 
Tke ope ra t ing  costs shown f o r  t h e  
The r e s u l t s  shown i n  t a b l e  VI1 assume a n  on - s i t e  cogenerat ion system 
a v a i l a b i l i t y  o f  80 percent .  
as a func t ion  of  cogenerat ion s y s t e m  a v a i l a b i l i t y  is shown i n  f i g u r e  11. 
expected, t h e  f i r s t - y e a r  ope ra t ing  c o s t s  are s e n s i t i v e  to cogene ra t ion  system 
a v a i l a b i l i t y ,  with ope ra t ing  cost sav ings  i n c r e a s i n g  as a v a i l a b i l i t y  inc reases .  
Another p o t e n t i a l l y  key assumption made t o  c a l c u l a t e  t h e  r e s u l t s  shown in 
t a b l e s  VI and VI1 concerns t h e  standby charge paid to  the  u t i l i t y  f o r  t h e  
purchase of e l e c t r i c i t y  when t h e  on - s i t e  cogenerat ion system is  down. I n  
f i g u r e  l l ( a ) ,  ope ra t ing  c o s t  savings a r e  shown with t h e  assumption t h a t  t h e  
sum o f  t h e  FCD power l e v e l  i n  the  cogenerat ion c a s e  and t h e  s tandby power 
l e v e l  equa l s  t h e  FCD power l e v e l  i n  the  noncogen-ration case. Thz r e s u l t i n g  
24 MW would al low "business e s  ueual" o p e r a t i o n  when the  cogene ra t ion  system 
is down f o r  maintenance. I n  f i g u r e  l l ( b ) ,  t h e  f i r s t - y e a r  o p e r a t i n g  c o s t  
savings are shown with t h e  assumption t h a t  t h e  sum of t h e  FCD power l e v e l  and 
t h e  standby power l e v e l  equa l s  12 Hw. This  assumption i m p l i e s  a c u r t a i l m e n t  
of  research f a c i l i t y  o p e r a t i o n  when the  cogene ra t ion  sys t em is down and 
y i e l d s  a decrease i n  the  standby charge paid t o  t h e  u t i l i t y ,  with a r e s u l t i n g  
s u b e t a n t i a l  i nc rease  i n  :he ope ra t ing  c o s t  s av ings  r e l a t i v e  t o  those  shown i n  
f i g u r e  l l ( a ) .  The ope ra t ing  c o s t  savings s h o w  i n  both f i g u r e s  l l ( a )  and ( b )  
are a s i g n i f i c a n t  percentage o f  t h e  t o t a l  ope ra t ing  c o s t s  of t h e  noncogen- 
e r a t i o n  case.  
The v a r i a t i o n  i n  f i r s t - y e a r  o p e r a t i n g  cost s a \ i n g e  
As 
Another key  assumption made i n  t a b l e s  VI and VI1 and f i g u r e  11 i. t h e  
p r i c e  obtained for  excess e l e c t r i c i t y  sold t o  t he  u t i l i t y .  
saving3 .horn i n  f i g u r e  11 were c a l c u l a t e d  by using art assumed e l e c t r i c i t y  
s e l l i n g  p r i c e  of $0.03ll/kW-hr. 
on the  ope ra t ing  c o s t  savings f o r  t h e  t h r e e  cogene ra t ion  c a s e s  is shown i n  
f i g u r e  12. 
The o p e r a t i n g  c o s t  
The e f f e c t  of v a r i a t i o n s  i n  t h r  s e l l i n g  p r i c e  
The s e l l i n g  p r i c e  is va r i ed  from a minimum of  $0.022/kW-hr, 
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correaponding to only the fuel charge in the assumed electrical rate structure, 
to a maximum of $0.042/kW-hrD which is the average price for purchased electri- 
city in the noncogeneration case. As shown, the 30- ICCC ia the most senri- 
tive to changes in the selling price because it produces the largest amount of 
excess electricity. 
savings over the range of selling prices considered. 
The 30-W ICCC has the largest first-year operatinp cost 
RELATIVE BCONONICS 
Cost canparisons presented to this point have included only the first-year 
operating cost ravings of the different-site cogeneration systaee. The n l a -  
tive economic attractiveners of the different-sixe systems depends on the com- 
parison of the operating coot savings and the required capital investment. To 
examine this in a simplified manner, relative payback periods were calculated. 
These relative payback periods would be expected to be very sensitive to the 
values assuemd for electricity, natural gas, and coal prices. Therefore the 
sensitivity of the relative payback periods to changes in each of there 
assumptions was examined. 
The relative payback periods for the three cogeneration cases are rhown 
in figure 13 as a function of electricity price. The electricity prices for 
the noncogeneration and cogeneration cases and the excess electricity selling 
price were varied by the same percentage simultaneously. A t  the base elec- 
tricity price, the 20-Hw cogeneration system has the beet payback period. ?or 
electricity prices of about 16 percent or more above the base price, the 30-W 
cogenerat ion system achieves the most attractive payback. 
The relative payback period as a function of variations only in the sell- 
ing price of excess electricity ie shown in figure 14. For a selling price 
leas  than $0.0338/kW-ht. the lowest payback period is achieved with the 2 O - W  
system. A t  selling prices greater than $0.0338/kW-hr, the 30-HW system 
achieves the lowest payback period. 
Figure 15 shows the relative payback period as a function of the natural 
gas price. The payback periods decrease with increasing natural gas price 
since, in cogeneration, the operating cost savings are largely a result of 
avoiding the purchase of nitural gar for steam generation. A t  natural gas 
prices less than $b.OO/HBtu, the 30-MU system has the best payback. A t  natu- 
ral gas prices greater than $O.OOIHBtu, the ZO-MW system has the beet payback. 
The relative payback period ar a function of coal price is qhown in fig- 
ure 16. A t  coal price8 less than $1.26/MBtu, the 30 MU system has the lowest 
payback. At coal prices greater than $l.26/’MBtuD the 20-MW system ha8 the 
1 owe e t pay hack . 
The data presented in figurer 13 to 16 indicate that the 20-HW cogenera- 
tion system hae the lowert payback period at the bare fuel and electricity 
prices. 
the 30-MU ryetern har the lowert payback period. A more detailed analysis, 
including the effect@ of escalating electricity and fuel prices r n d  using more 
At higher electricity prices and lower coal and natural 8.0 prices, 
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d e t a i l e d  c a p i t a l  cost estimates, is requ i r ed  t o  determine t h e  b e s t  system side 
on an economic basis. 
SuIplABY OF RESULTS 
L e w i s '  e lectric loads  vary  from a minimum of  about  5 IIW t o  a maximum of 
over 200 MU, wi th  an  annual  average o f  about 18 W .  
quirement varies from a base  of about  2.27 kg/sec (18 000 l b / h r )  to  over 
12.6 kg/sec (I00 000 l b /h r ) .  In t eg ra t ed -gas i f  ier, combined-cycle (IGCC) 
cogenera t ion  systems wi th  maximum e l e c t r i c  o u t p u t s  of  20, 25, and 30 MU were 
analyzed f o r  p o t e n t i a l  a p p l i c a t i o n  a t  t h e  L e w i s  site. 
supply t h e  baseload electric requirement  and, by e x t r a c t i o n  o f  steam fram t h e  
bottoming steam t u r b i n e ,  could  supply  a l l  or m o s t  o f  t h e  h e a t i n g  requirement.  
The 20-1IW-capacity system could supply  t h e  steam €or a l l  bx t  t h e  peak r equ i r e -  
ments above 8.82 kg/sec (70 000 l b / h r ) ,  which occur  du r ing  3 pe rcen t  o f  t h e  
year.  The 30-1IW-capacity system is j u s t  b i g  enough t o  meet t h e  maximum steam 
requirement.  Because t h e  power ou tpu t  o f  t h e s e  systems a t  t h e  p o i n t  of maxi- 
anan steam e x t r a c t i o n  is about 25 percen t  lower than  t h e  rnaximuer ou tpu t  a t  zero 
stem e x t r a c t i o n ,  t h e  e lectr ic  gene ra t ing  c a p a b i l i t y  is a f u n c t i o n  o f  t h e  
steam h e a t i n g  load. The e l e c t r i c i t y  needed to  meet t h e  ve ry  h igh  p o w e r  re- 
quirements of  t h e  major r e sea rch  f a c i l i t i e s  would have t o  be  purchased, while 
a t  o t h e r  pe r iods  of  a t y p i c a l  day t h e  on-s i te  IGCC system would have excess  
gene ra t ing  capac i ty .  For load p r o f i l e s  t y p i c a l  of  1979 and 1980, t h e  IGCC 
system could have excess  gene ra t ing  c a p a c i t y  du r ing  more than  75 percent  o f  
t h e  year.  It is s i g n i f i c a n t  t h a t  from 30 to  40 percen t  o f  t h e  excess elec- 
t r i c i t y  would be generaced dur ing  t h e  u t i l i t y ' s  peak load pe r iod  (between 
7:OO a.m. and 1O:OO p.m.1. Thus t h e r e  is p o t e n t i a l  f o r  economical use  o f  t h i s  
gene ra t ing  capac i ty .  Generat ing t h i s  excess  e l e c t r i c i t y  i n  a cogene ra t ion  
system is  more f u e l  e f f i c i e n t  than  gene ra t ing  e l e c t r i c i t y  a t  t h e  u t i l i t y  
because of t h e  waste h e a t  recovery from t h e  cogenera t ion  system. Of t h e  
exceqs e l e c t r i c i t y  genera ted  dur ing  t h e  u t i l i t y ' s  off-peak hours ,  more than  
60 percent  occurs  dur ing  weekends, when a p r a c t i c a l  o p t i o n  might be t o  t u r n  
down t h e  powerplant t o  meet only  s i t e  requirements.  
The steam h e a t i n g  re- 
These systems could  
For loads  t h a t  were t y p i c a l  i n  1979 and 1980, a 20- LO 30-MU IGCC co- 
gene ra t ion  system, ope ra t ing  f o r  80 pe rcen t  o f  t h e  yea r ,  could save  about 
2 . 1 ~ 1 0 8  MJ/yr ( 0 . 2 ~ 1 0 6  MBtu/yr) o f  energy. 
t h e  t o t a l  f u e l  energy requi red  t o  meet t h e  steam and e l e c t r i c a l  requirement  
without  cogenera t ion  i n  1979 or 1980. Because both t h e  e lectr ic  and steam 
loads  vary  so much dur ing  t h e  yea r ,  t he  f u e l  sav ings  achieved a t  any t i m e  a l s o  
vary cons iderably .  Because of t h e  h ighe r  degree  of  IGCC system waste h e a t  
u t i l i z a t i o n ,  t h e  h i g h e s t  i n s t an taneous  f u e l  s av ings  percentages  are achieved 
dur ing  t h e  t i m e  o f  peak h e a t i n g  needs i n  t h e  win ter .  A t  t h e  peak steam demand 
t h e  f u e l  sav ings  could reach about 17 percent  with an  o v e r a l l  IGCC energy 
u t i l i z a t i o n  ( i .e . ,  u s e f u l  power p lus  h e a t  d iv ided  by t h e  f u e l  i n p u t )  o f  about 
62 percent .  
This  is about  10 pe rcen t  o f  
S ince  an on-s i te  IGCC cogenera t ion  s y s t e m  could supply t h e  baseload elec- 
t r i c a l  requirement and most of t h e  steam requirement ,  t he  annual  expendi ture  
f o r  purchased e l e c t r i c i t y  and n a t u r a l  gas  could be s i g n i f i c a n t l y  reduced. 
Even when t h i s  is weighed a g a i n s t  t h e  increased  s i t e  O&M c o s t s  and t h e  c o a l  
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c o s t s  t o  o p e r a t e  t h e  ICCC system, a n e t  o v e r a l l  annual  o p e r a t i n g  c o s t  s av ings  
could be achieved. Amtuning t h a t  t h e  ICCC cogene ra t ion  e y 8 t e ~  ope ra t ed  
80 pe rcen t  of t h e  year, t h e  annual  s av ings  e s t ima ted  for t h e  20- t o  30-MW ICCC 
systems analyzed range f r a a  $1.9 m i l l i o n  to  $2.4 million, expressed i n  termm 
of 1980 d o l l a r s  f o r  1985 ope ra t ion .  Thio i r  21 t o  26 percen t  of t h e  e s t i m a t e d  
c o s t  t o  provide t h e  t o t a l  steam and e lectr ical  requiremenits i n  1985 without  
cogenerat ion.  
ranges of assumed p r i c e s  f o r  f u e l s  and purchased e l e c t r i c i t y ,  p r i c e s  o f  excess  
e l e c t r i c i t y  s o l d  t o  t h e  u t i l i t y ,  and t h e  ICCC powerplant a v a i l a b i l i t y .  
estirstes f o r  t h e  purchase and e e l l i w  p r i c e s  o f  e l e c t r i c i t y  were based on a 
t y p i c a l  rate s t r u c t u r e  f o r  i n d u s t r i a l  customers. I n  u s i n g  such a model, t h e  
r e s u l t i n g  estimates f o r  t h e  overall average u n i t  p r i c e  f o r  purchased elec- 
t r i c i t y  were always higher for  t h e  cogene ra t ion  c a s e s  than f o r  t h e  non- 
cogenerat ion case. The reason is that l e e s  e l e c t r i c i t y  i a  purchased i n  t h e  
cogene ra t ion  cases and t h e  demand cha rges  r e l a t i v e  to  energy chargee are more 
s i g n i f i c a n t .  Also i n  t h e  cogene ra t ion  c a s e s  i t  was a s s u r d  t h a t  a s tandby 
charge would be paid to  t h e  u t i l i t y  so t h a t ,  when t h e  ICCC system is down, 
enough power could be purchased t o  ma in ta in  busiuees  as usual .  
f o r  t h i s  charge a lone  exceeds $1 m i l l i o n  pe r  year.  
has  a s i g n i f i c a n t  e f f e c t  orr t h e  r e s u l t s  is t h e  s e l l i n g  p r i c e  f o r  excess  elec- 
t r i c i t y .  
va lues ,  and t h e  p o t e n t i a l  c o s t  s av ings  remained s i g n i f i c a n t .  
The e s t ima ted  s a v i n g s  were found t o  be s i g n i f i c a n t  f o r  wide 
The 
The estimate 
b o t h e r  assumption t h a t  
Th i s  was v a r i e d  over  a wide range extending down t o  r e l a t i v e l y  low 
I f  a n  ICCC cogene ra t ion  s y s t e m  were cons t ruc t ed  a t  the NASA L e w i s  
Research Center  and used f o r  testing advanced-technology components, t h i s  
a n r l y s i s  i n d i c a t e s  t h a t  t h e r e  is a good p o t e n t i a l  t h a t  i L  o p e r a t i o n  cou ld  be 
econamical, i n  s p i t e  of t h e  r e l a t i v e l y  unfavorable  c h a r a c t e r i s t i c s  of  t h e  
e l e c t r i c  and steam loads as compared wi th  p o t e n t i a l  i r r d u s t r i a l  a p p l i c a t i o n s .  
I n  a d d i t i o n ,  t h e  estimates of o p e r a t i n g  c o s t  s av ings  remain p o s i t i v e  down to  
r e l a t i v e l y  l o w  assumed IGCC s y s t e m  a v a i l a b i l i t i e s .  Although t h e  IGCC system 
has not been considered i n  d e t a i l  from the  pe r spec t ive  of investment ,  
simple r e l a t i v e  payback pe r iods  f o r  t h e  20-, 25-, and 30-h ICC'C systems were 
compared i n  t h i s  analysis .  Although t h e  e s t ima ted  o p e r a t i n g  cos: s a v i q p  for 
the  30-MU s y s t e m  are h i g h e r ,  t h e  20-W s y s t e m  has a b e t t e r  r e l a t i v e  payback 
per iod fo r  t h e  base p r i c e   assumption^, The r e l a t i v e  payback p e r i o d s  were 
es t ima ted  on t h e  b a s i s  of a s imple s c a l i n g  assumption f o r  t h e  c a p i t a l  c o s t  
v a r i a t i o n  with system capac i ty .  
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6as turbine: 
lurbine l n l e t  t p q c r a t u n .  'C ( 'F) . . . . . . . . . . . . . .  1y !2WO; 
Cmressor  pressure r a t  i o  . . . . . . . . . . . . . . . . . . . . .  
Stem cycle: 
l h r u t t l e  conditions. rOa/'C (psial'F) . . . . . . . . .  4.29/399 (615/750 
Condenser prcssure. Wa ( i n .  ti0 abs) . . . . . . . . . . . . .  0.013 (4.01 
Process s t e m  e l t r a c t i o n  pwssure. 19a :psla) . . . . . . . . .  0.87 (125) 
l ype . . . . . . . . . . . . . . . . . .  Yestinghouse f l u i d  be4 l a l r  blow 6as if i e r  : 
. . . . . . . . . . . . . . . . .  
L o r B t w g a s  htgher heatlng value. W/kq  (B tu l l b )  . . . . . . .  5.151 (2216) 
Carl. l lMBtu 
Natural gas. SlWtu  
Cleanup system: 
Par t icu la te r c r o v a l  . . . . . . . . . . . .  Cyclones and venturi  scrubber 
Desul fur izat ion . . . . . . . . . . . . . . . . .  Holmes-Strctford unit 
SOx . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.30~10-~ (0.1) 
MI, . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.30r)O-5 (0.1) 
Part icu la tes . . . . . . . . . . . . . . . . . . . . . .  7.31110- (0.0017) 
Specif ic emissions, kg lW (ItilNBtu!: 
Bare p r i ce  Parmet r i c  
var l  a t  ions 
2 . 0 1  1.00 - 2.50 
5.00 1.00 - 7 . 0 0  
TABLE 11. - ASSUED ELECTRIC UTILITY AAlE  STRUClURf 
[1985 pr ices i n  1980 dollars.]  
Price fo r  e l r c t r i r l t y  sold to u t i l i t y  
( s r l l t n q  pr ice) .  I lkN-hr  
Fired-contract-demand (FCO) powr  level, MI: 
Nonccqeneration case . . . . . . . . . . . . . . . . . . . . . . . . .  24.0 
togeneratton cases 
ZO-MI IGCC . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.0 
z5-ru 16cc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3 
30-Kd 16cc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0 
Up t o  5-Iy deannd . . . . . . . . . . . . . . . . . . . . . . . . . .  6.64 
5 NU t o  FCD power . . . . . . . . . . . . . . . . . . . . . . . . . .  6.17 
FCD charge per demand p m r ,  WkN-month: 
En-rgy charge. S/kU-hr: 
Encrqy purchased at power < FCO power 
,115 kY-hr per FCO power-. . . . . . . . . . . . .  Covered by FCD cha e 
115 t o  420 kU-hr per FCD power . . . . . . . . . . . . . . . . . .  0.0% 
d20 kN-hr per FCD power . . . . . . . . . . . . . . . . . . . . .  0.0098 
During u t i l i t y  peak hours . . . . . . . . .  Cost o f  e l e c t r i c i t y  purchased 
i n  above categary 
During u t i l i t y  off-peak hours . . . . . . . . . . . . . . . . . . .  0.0098 
Energy purchased a t  Dower > FCD Dower: 
Fuel chsrqe. SIkU-hr . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0223 
Standby power. W: 
20-Iy 1KC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15. t  
25-llir lac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.7 
&MI 16CC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19.0 
Standby charge Der standby power. IIkU-nonth . . . . . . . . . . . . . . .  5.92 
Discounts, $/month per kU FCO sower . . . . . . . . . . . . . . . . . . .  0.30 
0.0311 0.0223 - 0.002 
Avcrrqe pr ier  f o r  purchdird e l e c t r i c i t y .  $/kU-hr: 
Yoncoqencrat Ion  c r w  
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TAELC Y .  - M W N T  OF E L E C T R l C l l V  PURCHASED AN0 SOLO PER YEAR FOR wwCO6ENCRAT1011 AND CffiEWEMTlfM CASES 
E l e c t r i c i t y  
DurChdSed 
-- 





oncogrneratton case E lec t r i c i t y .  C o p e r a t  ton casesa 
W-hr 
20 Iy 25 m mow 
R e l a  FCD power level  
System on 0.9111106 0.5111106 0.4211106 
SyStQm off .83 .E6 1 .SO 
Standby Charge bl .06n106 cl .33x106 d1 .35~1@ 
Over FCD Oorer level  
Peak hours O.16xlOd 0.14a106 0.0711106 
Off-wsk hours 1 .?3 1 .I9 1.05 
Subtotal 4.?i'al@ 4 . 0 3 d  3.7911106 
RQVQnUQS for -1.251106 -?.ma106 - 2 . 9 6 r l d  
sold e l d r i c i t v  
.04 
.41 
ver FCO power level  
Off-peak hours 
Peak hrurs 
E lec t r i c i t y .  W-hr 
E e l a  FCD power level  
system on 
Cvstea o f 1  
Over FCO power level 
Peak hours .w 







-0.11 110' -0.22 a 10' -0.35111@ 
-.w - .M - .05 
- .08 - .13 - . l 9  
- . I 8  - 2 1  -.36 
Total net I 0.42~10) I 0.041lOS I -0 .31~1@ 
Cased on cogeneration s v r t m  a m i l a b t l i t y  of 80 percent. 
T A R E  V I .  - FLECTRIT ITT  COSTS AND RfVENUfS PER YEAR FOR IIMCOGCMRCTION AND C(TSENERATI011 CASES 
purchasrd 
e l e c t r i c i t y  
mcooenerat inn case 
e l a  FtD m r  leve' 
'Yet F f I l  pmer level 
Off-OQak hWrS 
Peak hours 
l e c t r i c i t y  rooeneration CIQS~ 
cost. 
OOllbrs 70 Iy 75 rw 1 3 0 W  
I I f l e c t r i c i t v  cost. dol lars I 
%sed on coomeratton qvstm dva i lab i l i t y  of An percent. 
%rise+ nn 14.q8-W staoev pawr reauiregnt.  
CPasrd on 18.71-W ctandhy w r  rwu i remnt .  
dBas?tI on 19.MMI standbv power reoulrermt. 
l A & E  V I I .  - FIRST-YEAR OPERATIN6 COST SUWIARY FOR 
NWOGEnERAIlON AND COGENfRATIfM C A Y S  
[1985 costs i n  1- dollars.] 
l a t u r a l  pas costs. d o l l a r s  
, O p t a t  ion and maintmance 
costs. dol lars 
'Car l  cost. dol lars 
Cost 0: purchased elec- 
t r i c  I t 1. do 1 I ars 
Revrnue f r o  e l e c t r i c i t y  I ------- -  *I -1.25a10b I -2.081106 I - 2 . % a l 0 6 l  
Noncogemr- Cogenerat ion casesa 
at ion cas? 
2.9Zn106 3.65a106 4.38ilob 1 6.7811108 1 4.22a106 I 4.031106 1 3.r~a1061 
1 I I I t Total I 9.291106 I 7.3711106 I 7 . 1 7 1 1 0 6  1 6 . 8 7 ~ 1 0 ~  
'Based on cogenwatton system ava i lab i l i t y  of 80 pcrcent. 




figure 1. - Stwin load duration curve at Lewis site for typical year. 
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Figure 2. - Actual Lewis electric load lime variation for example week Mugust 1979). 
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Figure 5. - Power output as a function of steam turbine axtraction rates for 
different IGCC cogeneration system sizes. 
Electricity purchased belw FCD power level per month. W-hrfW 
Fqure 6. - Cost d electrkity put chased 1 power levels belw flxed contract 
demand lFCDl putter as a function ol electricity purchased 11W casts 
expressed in 1980ddiarsl. 
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Figure 7. - Lewis annual electric load duration cume shavlng amounts d electricity 
purchased ana sdd with b-MW ICCC cqlener;tion syslsm. 
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Figure 8. - Elctrlclty purchnd or rdd p r  year n d fundion d ICCC tqe,-,irctlon 
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FQUre 9. - Inrlanbneous fuel r a v i q s  as a function d site stem and 
slectricrl rsqulren;snb far B-MW ICCC cogeneration system at 
Lawis site. 
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Fqure la - Annual fwl ewqy ravinr,s as a fundion ol IGCC qeneration system 
mailability fa various coganeration system sues at h i s  site. 
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